The osteoporotic fractures are due to alteration of trabecular and/or cortical bone. As the trabecular bone analysis do not require images with high resolution, it has been largely investigated contrary to the cortical bone for which there are few studies. The porosity of the cortical bone is depending on canal network and the bone remodeling leads to a coalescence process of canals which progressively involve the degradation of bone quality. Most of parameters to characterize the canal network of cortical bone were derived from the trabecular bone micro-architecture parameters and do not characterize the canals locally for which the changes of shape and regularity are in relation to the remodelling intensity. In this preliminary study, new tri-dimensional (3D) features of shape and surface at the canal level are presented to better characterize the remodeling processes. For that, we used 16 cortical bone samples from human femurs. Three D images at 7.5 μm 3 of resolution were obtained by synchrotron radiation micro-CT (SR micro-CT) used as the reference method comparatively to desktop micro-CT usually used for bone exploration. Therefore, our goal is to compare these both modalities. Usual and global parameters about canal volume, surface, diameter, spacing and number derived from the trabecular bone analysis were performed. Two parameters were developed to better describe the complexity of the structure: one describing the shape of the canals Ca.s and one the regularity surface Ca.r. There are significant changes in shape and surface parameters on D micro-CT compared with those observed by the reference SR micro-CT whereas there was no difference for global parameters. Consequently, only high image quality, such as SR micro-CT modality could be used to characterize the cortical degradation process at a local level.
Introduction
The analysis of bone structure is crucial to understand the physiopathology of osteoporosis which is an important health problem. Many studies have been performed on trabecular bone but very few on cortical bone despite its role in the resistance of fracture. As the trabecular bone is composed of a set of trabeculae network, cortical bone is composed of a canal network. Micro-computed tomography (Micro-CT) is an approach to image and quantify both trabecular and cortical bone in three dimensions (3D) with isotropic resolution [1] . Micro-CT by synchrotron radiation has been used to characterize 3D structure of cortical bone but is not largely available [2, 3] . Synchrotron radiation micro-CT (SR micro-CT) has many advantages: the signal to noise ratio is high without beam hardening due to high photons flux and monochromaticity, moreover the reconstruction is exact in relation to parallel beam geometry [4] leading to very high image quality. This method is considered as a gold standard for micro-CT imaging in bone [5] . More recently, dekstop micro-CT images (D micro-CT) using conventional X-rays have been investigated to characterize the neurovascular canals arrangement [6] [7] [8] [9] . On the whole volume of micro-CT images, it was possible to measure porosity, Canal Diameter (Ca.Dm), Canal Separation (Ca.Sp), Canal Number (Ca.N), surface of canals normalized by the bone volume (Ca.S/BV) and Canal Connectivity (Ca.ConnD) [6] [7] [8] [9] . These parameters were developed initially for trabecular bone and transposed on cortical bone, there were based on sphere method [10] , skeletonization process [11] and marching cube method [12] . The main limitation of the usual features mentioned above is to characterize the whole volume of the cortical bone sample without identifying separately each canal and they do not describe the complexity of the structure. Therefore, they do not reflect the large heterogeneity of the internal structure of cortical bone. Indeed, there is a large variability of diameter and shape of neurovascular canals from 50 to 450μm [7] due to a progressive increase in the complexity of the porous canal network with a coalescence process of the canals creating large resorption cavities with various shapes and roughness in advanced age in relation to the remodeling activity [7] . The resorption is located at the endosteal surface and on surface of Haversian canals [13] . Canals of 50μm are considered as Haversian canals [14] and giant canals (voids> 385 microns) are considered as remodeling osteons [15] . Between these two extremes, there is no means of distinguishing the origin of canals having an intermediate size.
Our aim is to evaluate first the local characterization of the shape and surface regularity variation related to the remodeling process of the 3D canal network, second to test the effect of modality acquisition (D micro-CT and SR micro-CT).
For that, we have developed two features: one to characterize the shape and the second one is for estimate the degree of canal roughness through its inner section variation. Our paper is organized as follows: Section 2 describes bone samples, the scanning process, and the image preprocessing. Section 3 presents the 3D canal features. Section 4 illustrates the features results. Finally, section 5 is devoted to the discussion and conclusions.
Data acquisition

Cortical bone samples
We disposed of 16 samples from femur cadavers, 6 men and 5 women with a mean age of: 73.9±10.4 years. The samples were distributed as follow: 7 from diaphysis, 7 from the superior part of the femoral neck and 2 from the inferior part of the femoral neck.
Image acquisition Synchrotron radiation micro-CT acquisition
Synchrotron radiation micro-CT (SR micro-CT) acquisitions were performed on beamline ID 19 at the ESRF European Synchrotron Radiation Facility (ESRF, Grenoble). The samples were positioned to obtain 2D projectional images perpendicular to the Haversian system. The setup used a very intense, homogeneous, parallel and monochromatic beam. The transmitted x-ray beam was recorded with a scintillator coupled to a 2D 2048X2048 Charge Coupled Device (CCD) camera with a dynamic range of 14 bits. The energy was optimized and was set at 30 keV. Dark current and reference images without the sample were regularly taken during the acquisition in order to perform flat field correction. The exposure time for each radiograph was about 0.3s. The 3D images were reconstructed from 2D radiographic projections from different viewing angles (angular step 0.2° over an angular range of 360°) by applying an exact tomographic reconstruction algorithm based on filtered back projection. The size of the cubic voxel in the reconstructed images was 7.5 microns. The detailed description of the device was previously reported [16] .
Desktop micro-CT acquisition
All the samples were scanned using a Desktop micro-CT (D micro-CT) Skyscan©1072 (Kontich, Belgium). This device uses a micro X-ray source set at 80 kV, 100μA, with a 1mm thick aluminum filter. The transmitted X-ray beam was recorded by a scintillator coupled to a 1024X1024 pixels, 12-bit (ouput) digital cooled CCD camera. The 2D radiographic projections were obtained from different viewing angles (angular step 0.2° over an angular range of 180°) with 2 frames averaging. The 3D images were reconstructed with a cone beam Feldkamp [17] algorithm coding in 8 bits. The voxel size is isotropic and fixed at 7.44μm 3 . All samples are scanned in totality, we selected visually site matched volume of interests for both acquisition modalities (see Figure 1) . 
Pre-processing
In order to reduce the noise, we applied a 3D median filtering (3X3X3 voxels).
As the cumulative histogram of our volume is bimodal (see Figure 2a ) with a known number of classes (bone versus canals), we adopt the simplest automatic method of histogram thresholding proposed by Otsu [18] , largely used in literature for binarization of images or volume [19, 20, 21] , which is based on the minimization of intra-class variance. The 3D reconstructed volumes were segmented using a global threshold based on Otsu's method above which all voxels are considered as bone matrix and below which all voxels are considered as canals. Then, the binarized canals were labelled in order to analyse each connected component. Due to the large memory requirements of standard labelling algorithms, we proposed a customized version of the classical union-find algorithm [22] . These changes consist in coding each voxel on exactly 2bits. Then, the labelling process proceeds canal by canal. By visiting each voxel and its 26 neighbours, the algorithm determines the class membership of each voxel. Finally, each connected part is labelled and individually saved in a separated binary file. It is composed of one canal or groups of interconnected canals (see Figure 2b ). This new implementation of union-find algorithm [22] were measured with the model-independent method described by Hildebrand and Rüegsegger [10] . The canal surface (CaS,mm 2 ) was obtained by triangulation of the surface of the mineralized bone phase and the Canal Volume (CaV) was calculated using tetrahedrons corresponding to the enclosed volume of the triangulated surface [12] . The Canal Number (Ca.N, mm -1 ) is defined as the inverse of the mean distance between the middle axes of the structure [11] . These axes were identified by a skeletonization process. 
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We introduce 2 new fea to quantify shape and regularity of the surface of each 3D object: one shape feature named canal shape s Ca. , and one regularity feature named degree of canal rough r Ca. . Canal features acronyms are based upon ness nomenclature [23] . is the canal length. As it can be observed in Figure  Table 1 , a 3D canal network with s Ca. close to zero corresponds to a single rectilinear canal when s Ca. is higher, the 3D canal is more ramified with a lobulated contour. Figure 4 ). corresponds to a cylindrical shape and higher value to a lobulated shape. B there are significant differences for the Ca.r class (<=0.4), p=0.004 and for the r Ca. class (]0.4-0.6]), p =0.0005. The surface irregularity is higher on D micro-CT images probably due to reconstruction artifacts (see Figure 5 ). The lower value corresponds to a rough surface and the higher value to a smooth surface. The usual global parameters are described in Table 2 . There are no differences between parameters from SR and D micro-CT with a Wilcoxon test. In box plot of Ca.Dm* repartition % in 5 classes, all canals <95 microns are considered as Haversian canals and all canals larger than >365 microns are considered as remodeling canals and between them the origin of canals is undetermined (see Figure 6 ). % % Figure 6 : box plot of canal object % for each class of the Ca.Dm* parameter.
Contrary to the local features, for each Ca.Dm* class, there is no difference by the sign test between SR and D micro-CT modalities. Only a local analysis can highlight the heterogeneity of the shape and roughness as it was visualized in Figure 3 .
. Conclusion
New and original features to characterize the canal network of the cortical bone are necessary. The large heterogeneity of the internal bone structure is due to the remodeling process leading to modify the shape and the surface of the canal network. For this aim, we developed 2 new local features to quantify shape and surface regularity variations. When using usual global parameters, there is no difference between SR micro-CT, used as a reference, and D micro-CT modalities, on the contrary, local features are more sensitive to the image quality impairment. Only high image quality, such as SR micro-CT modality could be used to characterize the cortical degradation process at a local level.
